Abstract Groundwater vulnerability assessment is an important task in water resources and land management. The most sophisticated among the vulnerability assessment techniques is the GIS-based DRASTIC model. However, despite its popularity, it is marred with excessive subjectivity glitches; little research has been conducted to address the shortcomings associated with this method. This study investigates various issues regarding the application of the GIS-based DRASTIC model through a critical review of relevant literatures. It is revealed that all the DRASTIC parameters are equally significant irrespective of their assigned weights. On the contentious quantile classifications, however, a categorical classification defined by 'very low', 'low', 'medium', 'high', and 'very high' was suggested for standardization. Based on the studied literatures, it was established that 46 % of 977 million km 2 of land assessed globally fell within moderate to high vulnerability category-a land cover bigger than the cultivated lands obtainable in all the countries around the world except the United
Introduction
Groundwater is an important resource for many rural and urban communities. Population increase and industrialization led to the discharges of substantial domestic and industrial effluents, which in turn; led to pollution of aquifers (Anwar and Yunus 2010; Rao 2004) . Poor irrigation practice may induce heavy metals in groundwater, depending on the agricultural practice (Chen et al. 2013) . In some cases, treatment is desirable before consumption (Phan et al. 2013) . Any substance added to water that may prospectively temper its quality; thereby undermining its usage value is referred to as 'water pollution' (Bachmat and Collin 1990 ). Water remains the major cause of illness in both developed and developing nations (Baba and Tayfur 2011; Jones and Watkins 1985) , and good quality water is one of the criteria for a region's socioeconomic development. An increase in water demand has led to increased abstraction of groundwater in many regions which have deteriorated groundwater resources in terms of both quantity and quality (Baba and Tayfur 2011; Polemio et al. 2009; Voudouris 2010) . The nature of groundwater pollution is complicated, imperceptible and its impact is persistent; while its treatment is expensive. Thus, prevention and control of groundwater pollution are principally crucial for its effective management (Babiker et al. 2005; Hallaq and Elaish 2012; Huan et al. 2012; Thirumalaivasan et al. 2003; Yin et al. 2012 ).
Scarcity and the inaptness of surface water sources make groundwater the most viable source in arid and semi-arid regions Thirumalaivasan et al. 2003) , and developing countries (Zingoni et al. 2005) .
Groundwater deterioration has received notable attention among researchers (Adams and Foster 1992; Antonakos and Lambrakis 2007; Dixon 2005; Gerth and Förstner 2004; Harris 1988; Shirazi et al. 2012) . Methods were developed to envisage areas predisposed to pollution, and this concept is commonly referred to as ''groundwater vulnerability to contamination '' (Al-Zabet 2002; Babiker et al. 2005; Bachmat and Collin 1990; Vrba and Zaporozec 1994) The term ''vulnerability'' was first used in hydrogeology by Margat in I968; it was later espoused worldwide (Vrba and Zaporozec 1994; Sener et al. 2009 ). ''All groundwater is vulnerable'' (Shukia et al. 1998; Hallaq and Elaish 2012) ; however, some land areas are more vulnerable than others (Baalousha 2006; Piscopo 2001; Shukia et al. 1998; Vrba and Zaporozec 1994) which is why the assessment strategy became widely accepted (Babiker et al. 2005) . A similar concept is also being applied to assess flood or drought impact (Tsakiris 2009 ). Nevertheless, the methods matured from the comparatively easy, unpredictable, and skewed survey approach to a more scientific and comprehensive evaluation. However, the greatest challenge in its application is how to strike a balance among the intricacy of the cost and ambiguity of results (Huan et al. 2012; Perrin et al. 2003) . Presently, several vulnerability methods exist (Mádl-Sz} onyi and Füle 1998; Vrba and Zaporozec 1994; Zwahlen 2004) . However, no standard method has been adopted internationally, mainly because it is difficult to establish the best approach that suits all the aquifer characteristics (Hallaq and Elaish 2012; Vías et al. 2010) .
Furthermore, the vulnerability is classified into 'intrinsic' and 'specific' (Gogu and Dassargues 2000; Mádl-Sz} onyi and Füle 1998) in type. The former deals with pollution likelihood, regardless of a particular pollutant, while the latter focuses on specific contaminant (Mádl-Sz} onyi and Füle 1998). Intrinsic property varies depending on the impact level an aquifer is exposed to. Notwithstanding, site-specific researches neglect sources such as the 'Emergence Organic Compounds' (Lapworth et al. 2012) .
Mapping groundwater vulnerability is an essential component for a sustainable land-use planning (Llamas and Custodio 2003) . It represents receptiveness of contaminants by an aquifer based on spatial modeling (Gogu and Dassargues 2000) . Since aquifer contamination is parameter dependent having spatial and temporal uncertainty, maps are difficult to prepare, Hence, there is a need for a reliable and affordable mapping methodology to produce likelihood of contamination at different scales necessary for effective groundwater management (Dixon 2005; Mendoza and Barmen 2006; Vías et al. 2005) . The map should be validated, and several tools such as Chemographs (Vías et al. 2010 ) exist for this purpose (Zwahlen 2004) . Nitrate is adopted for validation, because it is absent in groundwater under natural condition, and its presence suggests pollution susceptibility (Shirazi et al. 2012) . Assurance in vulnerability mapping is best achieved by comparing the outcome of different techniques and examining their reliability, practically on a contaminated scenario (Gogu and Dassargues 2000) . Unfortunately, little research has been carried out to systematically tackle the subjectivity of the ''overlay and index'' method (Huan et al. 2012) .
This paper reviews GIS-based DRASTIC Model impact on groundwater vulnerability assessment and its subjectivity in a view to finding a common stand for standardization.
Theory and computational approach DRASTIC model DRASTIC developed by Aller et al. (1985) falls under the ''overlay and index'' category. It is believed to be the most popular method of vulnerability assessment (Aller et al. 1985; Al-Adamat et al. 2003; Evans and Myers 1990; Bedessem et al. 2005; Hamza et al. 2007; Kim and Hamm 1999; Leone et al. 2009; Piscopo 2001; Thirumalaivasan et al. 2003; Rahman 2008) . Reliable results have been obtained even for complex areas (McLay et al. 2001) . DRASTIC has gone through transformations of its indexes to suit aquifers around the world (Baalousha 2006; Huan et al. 2012; Nobre et al. 2007; Shukla et al. 2000) . The DRASTIC model incorporates the expertise and experience of over forty hydrogeologists (Aller et al. 1985) . 'DRAS-TIC' is the acronym for seven (7) parameters (geological and hydrogeological) used in the model: D (depth of water), R (net recharge), A (aquifer media), S (soil media), T (topography), I (impact of the vadose zone), and C (hydraulic conductivity). Currently, it is popularly used all over the world (Aller et al. 1985; Al-Zabet 2002; Evans and Myers 1990; Fritch et al. 2000; Kim and Hamm 1999; Shukla et al. 2000) . The parameters can be tempered with by either adding a new parameter or subtracting from the existing ones to suit particular geology, hydrogeology, land use, and other climatic situations (Hua et al. 2011; Shirazi et al. 2012) .
DRASTIC involves the following procedures: (a) hydrogeologic and geologic data collection (i.e., Infiltration, aquifer, soil, slope and hydraulic conductivity) (b) construction of the GIS map of the area, (c) calculation of the DRASTIC index, and (d) ranking relative level of vulnerability to contamination. Table 1 shows DRASTIC  parameter and typical weights. DRASTIC is based on four assumptions (Al-Zabet 2002): (1) contaminants are introduced at the ground surface, (2) contaminants seep into the ground by precipitation, (3) contaminants have mobility of water, and (4) the area of concern is at least 0.4 km 2 . The model produces results suitable for screening regions, vis-à-vis groundwater monitoring and protection, and crackdown efforts. DRASTIC uses ratings from 1 to 10 which connote low to high level of contamination potentials, respectively. The parameters are assigned a variable weight from 1 to 5, which also denote the level of contribution by each parameter to pollution, as shown in Table 1 . The established numerical weights and ratings were based on the Delphi technique (Aller et al. 1985) . Circumstance may warrant modification of the weights and ratings, depending on specific case studies (Shirazi et al. 2012) . The DRASTIC index is the product of ratings and weights of the seven parameters, and is given by Eq. 1:
where, W is the weight, R is the rating and j represents the seven DRASTIC parameters. Sequel to the advancement of the DRASTIC methodology, two streams have emerged; one is applied to the general condition and the other called the 'pesticide DRASTIC index' is adopted where there is intensive use of agricultural chemicals. Scott et al. (1992) modified the pesticide DRASTIC. Once the index is calculated, susceptible areas can be classified; the bigger the DRASTIC index, the greater its susceptibility to pollution (Corniello et al. 1997; Hua et al. 2011) .
Based on the broad-spectrum study, it was established that the 'generic' DRASTIC index ranges from 23 to 230, while 'pesticide' DRASTIC ranges from 26 to 256. Hence, the indices are merely relative assessment tools, which do not intend to provide a complete answer (Hua et al. 2011; Corniello et al. 1997 ). Notwithstanding, it incorporates 'simple qualitative indices' that simultaneously integrate crucial features that are commonly known to control the transportation processes of solutes (Connell and Daele 2003) . Therefore, an area assessed with low DRASTIC index is not an indication that is free from groundwater contamination, rather it implies less susceptibility. For this reason, the quantile classification system suffices (Hallaq and Elaish 2012) .
Global vulnerability assessments: GIS-based DRASTIC Figure 1 shows that the regional distribution of GIS-based DRASTIC model uses around. A total area cover of 977,007.58 km 2 which is equivalent to 0.66 % of the global land cover was analyzed. This area represents 5.65 and 6.20 % of the entire cultivated and arable land area cover around the world, respectively details of which are shown in Table 2 .
In this study, it was found that 45.71 % (446,565.83 km 2 ) of the total area analyzed fell under moderate to high vulnerability.
However, it should be noted that the area analyzed is bigger when compared with the cultivated lands obtainable in all the countries around the world, except the United States, India, China, Russia, Brazil, Canada and Australia, as shown in Table 3 . Moreover, the comparison based on the agricultural land cover was conducted to depict a worst scenario, based on the fact that ''there is more likelihood of groundwater pollution when an agricultural pesticide is applied to a particular area compared with municipal and industrial pollutants'' (Ahmed 2009 ). This was further proven by other studies (Anwar and Yunus 2013; et al. 2013), which indicated that spread of metals in soils is more critical when subject to agricultural activities such as irrigation, pesticide and fertilizer application. Based on the medium to high vulnerability records, an average was taken in accordance with the number of studies carried out within the countries under review. Table 4 shows a summary of the results obtained, and 
Subjectivity of DRASTIC model
Conflicting opinions were raised among the researchers about the model's vulnerability assessment success. One of such opinions is that assessment could be successfully achieved without taking into account all the parameters that made up the DRASTIC model (Barber et al. 1993; Kabera and Zhaohui 2008; Merchant 1994 ). This was disputed by Babiker et al. (2005) who suggested that a significant discrepancy exists when the lower number of data layers was utilized in the vulnerability assessment. Moreover, some are even skeptical about the precision of the index calculation approach due to its subjective nature (Napolitano and Fabbri 1996) . Another contentious issue is the subjectivity in the use of the quantile classification pattern-being an essential means of delineating the assessed vulnerable areas on map.
Notwithstanding, currently, there is an inadequate level of research aimed at explaining systematically some of these subjective hitches in the overlay and index method (Huan et al. 2012) . However, in a quest to challenge some of these glitches, this study takes into account the results obtained from diverse literatures with a view to assess the model's strength and flaws.
Results and discussion

Sensitivity analysis
Sensitivity analysis was introduced by Lodwick et al. (1990) to assist hydrological scientists in evaluating the impact of the subjective component by providing significant information concerning the ratings and weights assigned to variable input parameters and their impact on subsequent output of the model (Gogu and Dassargues 2000; Napolitano and Fabbri 1996) . For an effective sensitivity analysis, database compatible with the GIS environment shall be appreciated-being the basis for appropriate assessment of the resulting vulnerability map (Pathak et al. 2009; Rahman 2008) . Single-parameter and map removal analysis was commonly carried out in most of the reviewed literatures.
Single-parameter sensitivity analysis
This test is employed to evaluate the effect of the individual parameter in each polygon or grid, by comparing its assigned (theoretical) weight with the real (effective) weight. The effective weight of a grid or polygon is calculated using Eq. 2:
where, W denotes the ''effective weight'' of each parameter, P r and P w are the rating and the weight of each parameter, respectively, and V is the overall vulnerability index.
Results obtained using the single-parameter sensitivity analysis are compared in Table 5 ; it can be seen that Depth to water table is assigned a theoretical weight of 5 (i.e., 21.7 % of all the assigned weights). It was found to maintain the same weight in a study by Hallaq and Elaish (2012) . While, Bazimenyera and Zhonghua (2008) , Kabera and Zhaohui (2008) , Rahman (2008) recorded higher weights, with a maximum of 31.3 %. However, some researchers i.e., Napolitano and Fabbri (1996) The Net recharge is assigned a weight of 4 (17.4 %). Napolitano and Fabbri (1996) , Babiker et al. (2005) , Bazimenyera and Zhonghua (2008) On the aquifer media is assigned a weight of 3 (13 %). However, some studies i.e., Napolitano and Fabbri (1996) Napolitano and Fabbri (1996) , Babiker et al. (2005) , Bazimenyera and Zhonghua (2008) , Kabera and Zhaohui (2008) and Rahman (2008) recorded lower weights, with 4.3 % being the lowest.
Accordingly, topography which is assigned the least theoretical value of only 1 (4.3 %) experienced a major weight increase; as nine out of the ten researchers recorded higher weights (even as high as 12.42 %), except that of Hallaq and Elaish (2012) , which recorded a lower weight up to as low as 1.2 %.
Regarding the impact of the vadose zone; having a weight of 5 (21.7 %) (i.e., similar to that of depth to water table), only three studies carried by El-Naqa et al. (2006), Kabera and Zhaohui (2008) , Hallaq and Elaish (2012) recorded higher weights. However, the increase is slight; as the maximum increased weight is 27.3 %. However, the majority of the reviewed studies, i.e., Napolitano and Fabbri (1996) , Babiker et al. (2005) , Bazimenyera and Zhonghua (2008) , Rahman (2008) , Mohammadi et al. (2009 ), Hasiniaina et al. (2010 , Saidi et al. (2011) , all recorded lower weights; with the least at 6.68 %.
Hydraulic conductivity which is allocated a weight of 3 (13.0 %) is similar to aquifer media. Previous researchers recorded an equal number of higher and lower weights. Contrarily, Napolitano and Fabbri (1996) , Bazimenyera and Zhonghua (2008) , Kabera and Zhaohui (2008), Hasiniaina et al. (2010) , and Hallaq and Elaish (2012) found it to have lower weights (3.4 % being the minimum).
It can be seen that topography which is assigned the least theoretical weight of only 1 recorded the highest weight increase; and the parameters that were assigned the highest weight of 5 (i.e., 'Depth to water table and the Impact of vadose zone') all recorded lower weights, and the former parameter is mostly affected.
Map removal sensitivity analysis
Another method adopted for sensitivity analysis by some of the researchers in the cited literature is the ''map removal'' sensitivity analysis. This is achieved by removing one or more map layers from the parameter maps, as per Eq. 3: where, V is the unperturbed vulnerability index and V 0 is the perturbed index. N and n are number of maps employed to compute V and V 0 , respectively. Results obtained by nine different researchers were reviewed as shown in Table 6 , which indicated that the highest average index variation was obtained when depth to water table parameter was removed, as noted by Bojórquez-Tapia et al. (2009) and Saidi et al. (2011) . Studies by Bazimenyera and Zhonghua (2008) and Rahman (2008) found the depth to water level occupying second rank, while two others-El-Naqa et al. (2006) and Hasiniaina et al. (2010)-obtained results that placed it on the third rank. However, none among the researchers found it to have the least impact.
As for the net recharge, studies by Babiker et al. (2005) , Bazimenyera and Zhonghua (2008) and Rahman (2008) found the parameter to have the highest average variation index, whereas the result obtained by Mohammadi et al. (2009) Subsequently, the aquifer media indicated a greater impact on the research carried out by El-Naqa et al. (2006) and Hasiniaina et al. (2010) . It was absent in the second and third rank based on the consulted literatures; however, it was the parameter that recorded the least average variation index as shown by three studies: Babiker et al. (2005) , Bazimenyera and Zhonghua (2008) , and Rahman (2008) .
The soil media have not recorded any greater impact based on the reviewed literatures. However, in Babiker et al. (2005) and Mohammadi et al. (2009) , the soil media inhabited the second rank, while the result obtained by Kabera and Zhaohui (2008) placed it on the third. Nevertheless, only one study by El-Naqa et al. (2006) found it to impact the least.
Topography that was theoretically assigned the least weight in the DRASTIC model was found to impact the most in the case study of Mohammadi et al. (2009) . However, studies of Kabera and Zhaohui (2008) occupied the second rank; while studies by Babiker et al. (2005) , Bazimenyera and Zhonghua (2008) and Rahman (2008) occupied the third rank. Though, in the research carried out by Hasiniaina et al. (2010) and Saidi et al. (2011) , the topography is indicated to have the lowermost effect.
As for the impact of vadose zone that carries equal and highest weight with the depth to water table, it was found (2010) and Saidi et al. (2011) recorded it occupying the third rank. However, unlike its counterpart, the impact of vadose zone was found to impact the least in a study by Canberra and Zhaohui (2008) and Bojórquez-Tapia et al. (2009) . The hydraulic conductivity (having the same weight as aquifer media) was found to influence the most in the study conducted by Kabera and Zhaohui (2008) ; it occupies second in the studies of Babiker et al. (2005) and Hasiniaina et al. (2010) , and also established to have minimal effect based on a study by Saidi et al. (2011). To further buttress the level of contribution by parameters in the index variation, the results of the DRASTIC parameter maps were further subjected to statistical analysis as shown in Table 7 . The value assigned to a parameter indicates its degree of the contribution in achieving the index; the smaller the value, the less a parameter contributes.
The result obtained by Rahman (2008) represented levels/ impact of contributions on vulnerability as: Hallaq and Elaish (2012) indicated that the impacts of contributions are graded as: Bazimenyera and Zhonghua (2008) found that the gradation of effects is A [ In addition, it should be noted that the 0 % contribution by depth to water and the impact of vadose zone were not an indication that they have no effect at all, rather denote the less impact they induce.
Subjectivity in DRASTIC index quantile classification
Subjectivity also exists in the quantile classification of the DRASTIC index, as shown in Table 8 . For the fact that all the reviewed literatures were based on the generic DRASTIC, certainly, the lowest index limit shall not be below 23 and as well exceeds 230. As shown in Table 7 , the minimum and maximum index values were 11.74 and 93.91 %, which were obtained in the studies by Sinan and Razack (2009) and Saidi et al. (2010) , respectively.
Virtually, all the authors adopted a common quantile classification pattern, irrespective of the number of classes. However, Metni et al. (2004) , Herlinger and Viero (2007) Others who adopted peculiar methods of combining multiple differences include: Tilahun and Merkel (2010) who utilized 40 and 60, and Lee (2003) who obtained the five quantile classification by distributing the index with equal value of 20 %.
It was also established that the minimum and the maximum index value obtained from a particular literature plays a significant role in the range difference assigned to a particular quantile class, because the higher the index value difference, the greater the boundary. Thus, all those who adopted boundary differences of 30 and 40, obtained a higher index value difference [100, while those who utilized 15 and 16 obtained\70. Moreover, when a less index value difference is opted, the higher discrepancy in the vulnerability classification suffices by either achieving a closer margin or ending up with a less quantile classification pattern. Furthermore, studies by Lee (2003) , Baalousha (2006) , Mendoza and Barmen (2006), Herlinger and Viero (2007) , Ranjan et al. (2007) , Pathak et al. (2009) , Sinan and Razack (2009), Moratalla et al. (2011) and Rezaei et al. (2013) who adopted 5 quantile classification, used an index value\100 to represent a ''very low'' class; 23 of the 27 consulted literatures who adopted ''low'' class were found to use an index value of B120. While for the ''medium'' class, which was virtually adopted by all the 30 researchers, adopted an index value of \160.
Based on this finding, it can be concluded that there exists a high degree of subjectivity in assigning index value range, and consequently, the type of quantile classification adopted in a particular study. However, it should be noted that since ''all ground water is vulnerable,'' which is why the minimum value is never zero, rather 23. Nevertheless, the inclusion of the ''No risk'' class ought to be reviewed.
The ''Extreme'' class skew, introduced by only two of the thirty studies, was condensed to maintain a collective classification format. Table 8 shows the percentage of the index based on maximum index value using Eq. 4. The minimum and maximum levels were 23 and 230, respectively; hence, the minimum and maximum percentages are between 10 and 100 %.
where i is the index range. The quantile classes ''very low'', ''low'', ''medium'', ''high'' and ''very high'' were obtained by dividing the percentage range (23-230) into five equal divisions, of which ''Very low'' ranges from (10.00 to 28.99), ''Low'' (from 29.00 to 46.99), ''Medium'' (from 47.00 to 64.99), ''High'' (from 65.00 to 82.99) and ''Very high'' (from 83.00 to 100). The suggested values were then compared with the values obtained in all the cited literatures as shown in Table 9 , which demonstrates little deviation, irrespective of number of classes implemented in the literatures. Hence, it is considered suitable for adoption in the ''generic'' DRASTIC model's quantile classification with a view to maintain a common class for effectiveness of further research. It should also be noted, however, that quantile classification does not signify pollution extent, but, the susceptibility when exposed to the pollution.
Chemical validation of DRASTIC model
Another area where subjectivity ensued is the choice of an appropriate criterion for validation (Huan et al. 2012 ).
Nitrate concentration is opted for validation by some researchers, simply because it is believed to be absent in ground water under normal condition. Hence, its presence suggests pollution susceptibility (Shirazi et al. 2012 ). Nonetheless, a common view seems to be adopted by Secunda et al. (1998) Moratalla et al. (2011) and Srinivasamoorthy et al. (2011) , believed that chemical data other than Nitrate are needed to validate the groundwater vulnerability. It should be noted that the adoption of Nitrate alone for validation is not enough. Because, the level of the Nitrate on a particular area is dependent upon its exposure to a particular contaminant. Hence, there is the need to incorporate a greater number of contaminants in the validation, such as the 'Emergence Organic Compounds', which are not often taken into account nowadays and are also present in the groundwater in a diffused form.
Conclusions
The impact of the sensitivity analysis in addressing the subjective nature of the DRASTIC model cannot be overemphasized. Thus, the views ranging from whether or not to eliminate a parameter in the DRASTIC have been found to be unjustified in many cases as it is proven that all the parameters influence groundwater pollution and each parameter indicates a particular situation where it impacted the most, vis-à-vis having highest effective weight. However, for effective groundwater pollution management, stakeholders should not only depend on the theoretical weight assigned to a particular parameter during their decision making process, but also make a careful scientific analysis.
The significant proportion of land area cover around the world is vulnerable; hence, mapping groundwater vulnerability is inevitable for a sustainable land-use planning. It has been established that 46 % of 977 million km 2 assessed, fell within moderate to high vulnerability class, an area that is bigger than the cultivated lands obtainable in all the countries around the world, except, the United States, India, China, Russia, Brazil, Canada and Australia.
Since limits for the minimum and maximum index values in both generic and pesticide DRASTIC exist, it is essential that a common range is adopted for quantile classification, irrespective of the magnitude of the index value obtained within a specified study area, because the quantile classification of vulnerability does not signify the extent of pollution level but its susceptibility when exposed to it. Therefore, this study addressed part of the subjectivity attributed to the model, thereby creating a common datum for subsequent research. Five classes: ''very low'' from 10.00 to 28.99, ''low'' from 29.00 to 46.99, ''medium'' from 47.00 to 64.99, ''high'' from 65.00 to 82.99 and ''very high'' from 83.00 to 100, were suggested in this study, as it was deemed to fit based on the evaluated literatures. In addition, as all groundwater is vulnerable, the use of 'no risk' in the classification should be revisited.
There is also the need to employ similar research in areas that have not been covered by the GIS-based DRASTIC, being the most reliable vulnerability assessment methodology, especially in Africa, where such research is lacking. This sort of analysis is imperative as groundwater pollution has a persistent impact and its treatment is expensive.
Furthermore, to enhance the model's acceptability, there is also the need to incorporate a wider number of contaminants for validation such as the 'Emergence Organic Compounds' that are rarely considered nowadays.
